The primary aim of this study was to identify reference genes and workers of particular role and ages that would be suitable for exploring genetic/epigenetic variations in constitutive expression of a gene encoding antimicrobial peptide defensin1 in worker heads using real-time PCR. This peptide is an integral component of larval food and honey and has potential to act against some brood pathogens. Expression levels of distinct genes may vary in worker heads due to genetic factors, age of bee, and particular role of a worker that depends on its age or colony needs. Prerequisite for exploring the variations in defensin1 expression was therefore to identify such workers in which correlated expression of defensin1 and suitable reference genes occurs. Selection process was done by carefully designed quantitative real-time PCR procedure in two colonies showing different age-related division of labor. Expression of ten candidate reference genes, defensin1 and amylase, as a marker of forager bees, was assessed in pooled head samples of workers aged 2 to 30 days. Correlated and moreover stable expression of defensin1 and six candidate genes was detected in nursing bees in both colonies. The suitable reference genes were therefore selected on the basis of their expression stability. This was evaluated by geNorm and NormFinder algorithms in pooled head samples and through plotted Cq data in head samples of individual nurse bees. As the best reference genes were selected: psa1, tctp1, cyclophilin, gapdh and mrjp4 (in this order). They are suitable for aforementioned defensin1 expression studies and also for studies of other genes expressed in heads of nurses. In addition, an amylase expression-based procedure for reliable distinguishing nurses from foragers was elaborated.
Introduction
The vast majority of the genetically heterogeneous population of a honeybee hive consists of workers that perform most tasks in the colony. A particular task is usually performed by workers of certain age: cell cleaning and capping by the youngest bees, nursing (brood and queen care/feeding) by 4-16 days old bees, food handling and comb building by middle aged bees and ventilating, guarding and foraging by older bees between 15-30 days (Winston 1987) . This age-related division of labor in colony is not a rigid system. A worker is able to modify its role in response to colony needs. Role changes can be triggered by specific conditions, such as amount and type of available forage as well as a shortage of workers performing a specific task in the colony (Page et al. 1989; Robinson 1992; Robinson et al. 1992; Huang & Robinson 1996) . Genetic differences between bee races and strains were also described as a factor that can cause differences in foraging age (Winston & Katz 1982; Calderone & Page 1987) . Transitions between tasks are accompanied with changes in expression of various genes participating in exocrine, endocrine and brain activities (Whitfield et al. 2003; Cash et al. 2005; Liu et al. 2011) . A good example of expression changes are hypopharyngeal glands. Mature hypopharyngeal glands in nurse heads synthesize large amounts of nutritive major royal jelly proteins (Kubo et al. 1996; Ohashi et al. 1997; Schmitzova et al. 1998) , whereas in foragers, the glands shrink and predominantly synthesize carbohydrate-metabolizing enzymes, such as α-glucosidase, α-amylase and glucose oxidase (Kubo et al. 1996; Ohashi et al. 1997 Ohashi et al. , 1999 . Expression of some genes can change not only with different roles but also at maturation of workers for a particular role what can comprise a period of several days. Such examples are changing expression levels of genes encoding royal jelly proteins MRJP1 and MRJP3 in developing hypopharyngeal glands of nurses (Feng et al. 2009 ).
Both nurses and foragers produce antimicrobial peptide defensin1 (Liu et al. 2011; Klaudiny et al. 2012; Majtan et al. 2012) . Nurses synthesize the peptide in their hypopharyngeal and mandibular glands (located in head) from which it is secreted into larval food -larval jelly (LJ) (Klaudiny et al. 2005) . In foragers, it is possible to assume that at least hypopharyngeal glands synthesize the peptide and secrete it into honey. Defensin1 is active in vitro against the pathogen Paenibacillus larvae indicating that it could contribute to colony resistance against a serious bacterial brood disease, American foulbrood (Bíliková et al. 2001; Bachanová et al. 2002) . This disease causes substantial financial losses in beekeeping and in agricultural production dependent on pollination. Our recent investigation of defensin1 expression in colonies, at the protein and transcript levels, showed that defensin1 was a constitutive component of LJs, but at the same time intercolonial and intracolonial differences were observed in defensin1 contents in number of analyzed LJ samples as well as in defensin1 levels in RNA samples isolated from nurse heads. The obtained data indicated that defensin1 levels in LJs could be determined by genetic factors regulating defensin1 transcriptional and/or posttranscriptional processes in heads of nurses. Moreover, the data suggested that it should be possible to breed novel honeybee lines expressing higher amounts of defensin1 in LJs .
For practical breeding and general knowledge, it is interesting to explore genetic (epigenetic) factors determining high constitutive defensin1 expression in heads of some workers in bee population. Such an investigation involves identification of bees expressing increased constitutive levels of defensin1 in colonies. A quantitative real-time PCR (qPCR) is the method of choice for this purpose. Genetic (epigenetic) factors are however only one of factors that may influence constitutive defensin1 expression in a worker head. Other factors are: age of bee, role of bee, maturation state of bee within a role and colony needs as was mentioned above on examples of expression of some genes. The influence of single factors on the expression of head defensin1 during worker life is difficult to assess. In this case, for intended defensin1 expression analyses, it is necessary besides suitable reference genes to identify and use specific workers in which the reference genes and defensin1 have the same expression profile (correlated expression). At analyses under such conditions, the normalization of defensin1 expression with the suitable reference genes enables to eliminate a contribution of "not genetic" factors to expression and to measure variations in constitutive defensin1 expression levels in workers caused only by genetic (epigenetic) factors.
In this work, expression of defensin1 and another 11 genes in heads of workers was analyzed across a broad age range of workers in two colonies to find reference genes and workers in which correlated expression of suitable reference genes and defensin1 occurs. The profiles of transcription levels of all genes were compared in samples of pooled worker heads in one colony.
The correlated and also stable expression of six genes and defensin1 was found to occur in nursing bees of various ages. The same expression profile of these genes occurred in nurses in the second examined colony having different age-related division of labor. Therefore, the reference quality of the genes was assessed on the basis of their expression stability. Based on obtained results, the most suitable reference genes for investigation of expression not only of defensin1 but also of other nurse head genes were selected. In addition, some reference genes and amylase expression were validated for distinguishing nurses from foragers.
Material and methods

Honeybee samples
Apis mellifera carnica workers were obtained from naturally mated queen colonies in the apiary of the Institute of Apiculture in Liptovský Hrádok, Slovakia. They were collected from two hives in July 2012. The age of bees was determined by color labeling of 11-19 h old workers which emerged on isolated combs maintained in an incubator at 34
• C. Workers of particular ages were gathered into plastic tubes, frozen in liquid nitrogen and stored at -80
RNA isolation and cDNA synthesis Total RNA was isolated either from pool of heads or individual heads of workers using the SiMAX total RNA columns isolation kit (Ecoli, Slovakia, www.ecoli.sk) employing guanidine thiocyanate-acid phenol extraction in the first step. In the first case, heads were cut off from frozen bees and pooled samples, each containing 4 heads, were pulverized in liquid nitrogen with a mortar and a pestle, placed into microcentrifuge tubes and kept at -80
• C before isolation. In the case of single heads, each frozen head was halved between the eyes, immediately ground first in 80 µl of cold denaturing solution (4 • C) using a plastic pestle and then immediately processed. Powdered pooled and ground head samples were each homogenized in a denaturing solution (850 µl and 250 µl, respectively) using an ULTRA-TURRAX followed by further procedure according to isolation kit manual. In addition to the manufacturer's recommendations, RNA eluted from a column was incubated at 58
• C for 12 min to ensure dissolution of RNA aggregates and then centrifuged at 15,000 g for 3 min to remove any material released from columns. RNA purity and concentration were estimated spectrometrically and its integrity determined by agarose gel electrophoresis.
First strand cDNA was synthesized from 1.6 µg total RNA using the Thermo reverse transcription cDNA kit (Ecoli, Slovakia, www.ecoli.sk) with oligo (dT)18 as primer. The reaction (20 µl) was performed in a thermal cycler at 50
• C for one hour.
Gene selection, primer design, amplification conditions and strategy Six genes encoding proteins secreted by nurses into LJ: mrjp3, mrjp4, mrjp5 (Klaudiny et al. 1994; Schmitzova et al. 1998; Albert et al. 1999a, b) , apisimin (Bíliková et al. 2002) , regucalcin and tctp1 (Han et al. 2011 ) were selected as candidate reference genes for qPCR with an expectation that some of them have correlated expression with defensin1 gene at least during the period of nursing. Amylase is abundantly expressed in foragers and very weakly in nurses (Ohashi et al. 1999; Liu et al. 2011) and it was selected as a marker for foragers. Gapdh, actin and cyclophilin were selected as commonly used reference genes (Scharlaken et al. 2008; Lourenço et al. 2008; Pfaffl 2004 ), whereas psa1 due to its presumed stable expression in workers of various age (Feng et al. 2009 ). Primers with higher Tm (60-70
• C) (Table 1) were designed within open reading frames; in most cases, the amplicons span an intron or overlap exon/intron junction (in one primer of a pair) to distinguish genomic DNA contamination in RNA/cDNA samples. Amplification conditions employing primers with increased Tm and a reduced annealing temperature were used in order to reduce a possible impact on qPCR of sequence variations within primer binding sites (Boyle et al. 2009 ). This strategy reflected our experience with a negative effect of a SNP on mrjp4 amplification (unpublished results).
In pooled head samples, selected genes were amplified in sets of samples, each set contained samples originating from workers of different age (2-30 days). Samples of each set were processed in parallel during RNA preparation and cDNA synthesis. Subsequent qPCR amplifications were done gradually with cDNA samples of each set in 96 well plates as follows. All examined genes were amplified from each cDNA sample in one run on one plate to minimize qPCR variations caused by manipulations of the sample in different experiments; thus, the methodology resembles a multiplex qPCR.
Real-time PCR
The qPCR reactions were performed with HOT FIREPol EvaGreen qPCR mix plus (no ROX) (Ecoli, Slovakia, www.ecoli.sk). Each sample was analyzed in duplicate in a reaction of 15 µl consisting of 5 µl of diluted cDNA (1:50 in water) and 10 µl of a reaction mix containing 3 µl qPCR mix and primers (0.4 µM final concentrations in reaction). The qPCRs were carried out on CFX96 thermocycler (BioRad, www.bio-rad.com) using the following conditions: 95 • C for 20 s. The specificity of amplification was monitored by melting curve analysis, electrophoretic determination of amplicon sizes on 2.5% agarose gel and sequencing of PCR products (reactions without fluorescent dye) after their purification by Wizard SV gel and PCR clean-up system (Promega, www.promega.com). Control reactions with RNA templates (no RT control) and primers for actin gene were performed to evaluate DNA contamination in RNA preparations (none or not significant contaminations were found). No-template control reactions were performed for each primer pair. Standard curves using five or four points of template cDNA 10-fold dilutions were constructed to determine amplification efficiencies for each gene.
Data analysis
Quantification cycle (Cq) values were determined using the Biorad CFX Manager 2.1 software of CFX96 that calculated the arithmetic mean of two replicates for each sample and each gene. This software was also employed for the estimation of (1) relative normalized transcriptional level of an examined gene in samples of all sets of one colony related to the lowest value, and (2) relative quantity of a target gene in samples of all sets of one colony related to the highest expressed sample (having the lowest Cq value). The second type of data and the raw Cq values were used for the evaluation of expression stability of genes across some samples using respectively the freely available programs NormFinder (version 0.953, Andersen et al. 2004 ) and geNorm PLUS (part of qbase PLUS software, version 2.4, Vandesompele et al. 2002; Hellemans et al. 2007 ). Statistical analyses were performed with one-way ANOVA and corresponding graphs were generated using GraphPad Prism (www.graphpad.com). Some data were expressed as mean values ± standard error of the mean (SEM).
Results
Amplification of genes
All genes were amplified under optimized amplification conditions with high amplification efficiencies consistent with the standard requirements for qPCR (Table 1). Primer specificities were confirmed by the sequencing of PCR products and determination of amplicon sizes. Amplification specificities of each qPCR reaction were routinely determined by analyzing melting temperatures of the products.
Transcription profiles of all examined genes across different ages of workers from the colony A Transcript levels of defensin1, amylase (the marker gene for foragers) and ten candidate reference genes were assessed in samples consisting of pooled heads, each sample prepared from four workers of a particular age (2-30 days). Three sets of samples comprising this age range were analyzed. Similar levels of defensin1 mRNA (similar Cq values) were detected in the analyzed samples, although slightly increased levels (lower Cq values) were observed in the youngest workers (< 8 days) and older workers (>20 days) (Fig. 1) . To find amongst candidate reference genes those with expression correlating with that of defensin1, their transcription levels and also those of amylase gene were normalized to defensin1 and compared in all sets of samples of different age (Fig. 2) . Basically two types of profiles were found: (i) those having a peak form, demonstrated by uncorrelated expression (mrjp3, mrjp5, regucalcin, apisimin), and (ii) those displaying correlated expression over a period 6-20 days (psa1, tctp1, gapdh, cyclophilin, mrjp4, actin). The correlated expression resulted from the fact that defensin1 (Fig. 1) and corresponding six genes (Cq data not shown) were stably expressed in the workers of these ages. The 6-20 day age corresponds to the period of low expression of amylase, but excludes the youngest bees. This indicated that correlated and stable expression occurred in nurses. During the period of 20-30 days the correlation was lost, the normalized transcription levels of the genes initially decreased and subsequently increased in the oldest workers for some genes (psa1, gapdh, cyclophilin, actin). This period was characterized by high amylase transcription, a characteristic feature of foragers.
Transcription profiles of eight genes in workers from the colony B Transcriptional levels of those six candidate reference genes shown in colony A to have expression correlated with that of defensin1, as well as of the defensin1 and the amylase genes were further assessed by an identical approach with samples obtained from the colony B. The obtained results confirmed correlation between the expression of these genes and defensin1 as well as the stable expression of defensin1 (Fig. 1 ) and these genes (Cq data not shown) in nurses. The correlations extended over shorter age range (4-12 days) in this colony (Fig. 3 ) as compared to the colony A (6-20 days; Fig. 2 ). The loss of the correlation was associated with an increase of amylase transcription. This result confirmed amylase mRNA as a suitable marker for differentiation between nurses and foragers. Important observation was that the earlier transition to foraging in workers of colony B did not affect the pattern of normalized transcription levels of the genes observed in the colony A; higher values in the youngest bees, similar values in nurses, lower in "younger" foragers and then progressively increasing with aging of foragers.
Expression of selected genes in individual workers
The expression stabilities of eight genes analyzed in colonies A and B were further examined in individual nurses and forages. For this purpose, the expression of the genes was analyzed in individual workers from both colonies aged 10, 20 or 22 days (11 workers per each group). The highest expression stability was observed in nurses for psa1, mrjp4, and tctp1 (the difference between max. and min. Cq values within both colonies ≤1.66) followed by gapdh and cyclophilin (≤1.88). The lowest stability was observed for defensin1, actin and amylase (Fig. 4) . The expression stability was evaluated only in nurses in colony A as it was found that 20 daysold workers were not foragers as had been thought at their collection. Nevertheless, this fact enabled us to assess the expression stability on larger number of nurses. The expression stability in foragers was thus evaluated only in colony B and it was lower than in nurses in the case of the examined genes.
Selection of the best reference genes for exploring transcription of defensin1 and other genes expressed in nurse heads
The analyses above revealed that six candidate reference genes (psa1, tctp1, gapdh, cyclophilin, mrjp4, actin) had transcription profiles reasonably correlating with that of defensin1 in the heads of nurses of different age. They also revealed that most of these genes were relatively stably expressed in nurses of two examined colonies. The ranks of their expression stabilities in the pooled nurse heads were determined with geNorm PLUS and NormFinder programs. Two algorithms used in the programs ranked these genes differently in colonies A and B. Actin was ranked as the least stable in both colonies ( Table 2 ). The NormFinder determined also the most suitable combinations of two reference genes Explanations: Expression stabilities were determined with geNorm PLUS and NormFinder programs in pooled head samples prepared from nurses of various ages 6-20 days from colony A and 4-10 days from colony B. A low numerical value corresponds to high expression stability.
to be tctp1-gapdh and tctp1-cyclophilin in the colony A and B, respectively (Table 3) . Considering the ranks obtained by the programs and the rank of expression stability in individual nurses (see above) we ranked the most stable reference genes in both colonies in the following order: psa1, tctp1, cyclophilin, gapdh and mrjp4.
The fact that these reference genes possess high expression stability in workers during the period of nursing validates these genes as generally suitable reference genes for qPCR studies in heads of nurses, including studies focused on identification of individuals with high constitutive expression of defensin1. Validation of different reference genes and amylase expression for distinguishing nurses from foragers An important issue for the study of gene expression in nurse heads is the selection of true nurses in colonies. High expression of amylase versus defensin1 was determined in our expression analyses to be a marker for distinguishing foragers from nurses and the youngest bees. However, use of defensin1 as a reference gene for assessment of amylase transcription does not seem to be reasonable. It could lead to a false identification of some foragers as nurses in the case of high defensin1 expression. In such foragers, normalized amylase levels could be decreased to low values typical for nurses. Use of some of the selected reference genes as reference for amylase transcription in workers of various ages seemed to be more appropriate. Four these genes were examined. As the most suitable for the identification of the age of the nurse-foragers transition were verified gapdh, tctp1 and cyclophilin; the relative transcription levels of amylase normalized to these genes showed the biggest differences between nurses and foragers (Fig. 5) . A clear dividing line existed in the colony A; low amylase expression until day 20 and very high at day 22. The situation was not so clear in the colony B because here the change of relatively young nurses to foragers occurred over longer interval (between 10-14 days). This is documented by gradually increasing amylase transcription within this period. The observed gradual increase in transcription was presumably caused by the fact that analyzed pooled samples contained increasing number of forager heads. Based on this assumption and the low values of relative amylase transcription levels detected in the pooled samples derived from nurses until day 20 and days 8-10 in colony A and B, respectively (very likely these samples contained only nurse heads), we concluded that normalized relative amylase transcription levels in individual nurses in these pooled samples did not exceed the value of ∼35. The values in nurses were lower than those supposed to belong to individual foragers in pooled samples (> 150).
Discussion
In this work, data are presented from qPCR analyses of twelve genes in worker heads of various ages. Transcription levels of the genes were explored in workers from two randomly selected colonies that accidentally showed a different age-related division of labor. Our primary aim was to find reference genes and workers of certain role and ages in which correlated expression of suitable reference genes and defensin1 occurs. The analyses showed that correlated expression of some genes and defensin1 occurs in nursing bees. The correlation was associated with the fact that defensin1 and the identified genes were stably expressed in nurses. Evaluating the expression stability of these genes in pooled head samples during period of nursing by geNorm and NormFinder (recommended as the most reliable evaluation approach by Teng et al. 2011 ) and in individual nurses of certain age, led to selection of best reference genes. We ranked these reference genes according to their expression stabilities in two colonies (psa1, tctp1, cyclophilin, gapdh and mrjp4). The reference genes can be employed for studies focused on characterization of genetic (epigenetic) factors determining constitutive expression levels of defensin1 and other stably expressed genes in the heads of nurses as well as generally for studies of gene expression in nurses. An experimental procedure for reliable identification of foragers was elaborated in this study on the basis of evaluation of amylase transcription in heads of workers of various ages. The use of any of three selected reference genes (gapdh, tctp1 and cyclophilin) was validated for assessment of amylase expression in workers. The procedure can be universally used for identification of foragers in colonies and for distinguishing foragers from nurses. Foragers collected by mistake together with nurses particularly in colonies with shifted age-related labor division can be identified by this way and eliminated from the dataset. This is important for correct identification of workers with increased constitutive expression of defensin1. Amylase expression is capable of discriminating reliably foragers from nurses but not nurses from the youngest workers, cleaners. In this study, no effort was made to find a marker specific only for nurses or youngest workers; further research is required for the exact identification of these workers. Nevertheless, possibly sufficient for many experiments can be the careful selection of nurses in colonies and elimination of cleaners based on collection of nurses on brood comb during feeding of young larvae and a consecutive evaluation of abdomen size, which is bigger in nurses as compared to cleaners.
In the primary screening of all genes, several genes with expression profile having a peak form in workers of different age were revealed. Such profiles were found for mrjp3, mrjp5, apisimin and regucalcin, which all encode LJ proteins. The profile was known for mrjp3 (Feng et al. 2009 ) but it was novel for the other genes. These genes can be potentially examined as candidate reference genes for genetic (epigenetic) expression studies of genes encoding other LJ proteins possessing the same transcription profile in nurse head.
In comparison to other published data, our analyses documented around 2-fold higher transcription levels of defensin1 in younger foragers than in nurses, which is congruent with results of Liu et al. (2011) . Similarly, our results correlate with these of Liu regarding high mrjp5 transcription in both nurses and foragers, but they do not agree with results of Drapeau et al. (2006) that did not detect mrjp5 mRNA in bees older than 12 days. Furthermore, actin was found here to possess the lowest expression stability among the six stably expressed genes in nurse heads. Other studies focused on the evaluation of reference genes for expression studies during brood development and comparison of tissues and heads of bacterially infected honeybees ranked actin as moderately suitable amongst the genes tested (Lourenço et al. 2008; Scharlaken et al. 2008 ). Finally, mrjp4 gene was found here as one of the reference genes suitable for analysis of defensin1 expression in nurses; thereby, this result supports our data obtained in previous defensin1 expression studies, in which mrjp4 was used as a reference gene for analyses of defensin1 expression in heads of 10 and 14 days old workers. These studies documented variability of defensin1 expression levels in workers within and among colonies; this is assumed to be associated with genetic diversity of bees ).
In conclusion, this work identified several genes stably expressed in the heads of workers during the period of nursing. They can be used as suitable reference genes for expression studies in honeybees and their colonies dealing with genetic or epigenetic questions concerning some genes and also for other studies examining gene expression in nurses in experimental conditions that will not influence their expression stability.
